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SUMMARY 
Fred B. Oswald 
n i  s t r a t i  on 
A dynamic a n a l y s i s  o f  a 2240-kW (3000-hp)  h e l i c o p t e r  p l a n e t a r y  system i s  
p resented .  Resu l t s  f rom b o t h  a n a l y t i c a l  and exper imenta l  s t u d i e s  show good 
c o r r e l a t i o n  i n  g e a r - t o o t h  loads .  A parametr ' lc s tudy  i n d i c a t e s  t h a t  t h e  mesh 
damping r a t i o  has a s i g n i f i c a n t  e f f e c t  on maximum g e a r - t o o t h  load,  s t r e s s ,  and 
v i b r a t i o n .  C o r r e l a t i o n  w i t h  exper imenta l  r e s u l t s  i n d i c a t e s  t h a t  t h e  sun -p lane t  
mesh damping r a t i o  can s i g n i f i c a n t l y  d i f f e r  f r o m  t h e  p l a n e t - r i n g  mesh damping 
r a t i o .  A numer ica l  f a s t  F o u r i e r  t r a n s f o r m  (FF1) procedure was a p p l i e d  t o  
examine t h e  mesh load components i n  the  f requency domain and t h e  magnitudes o f  
m u l t i p l e  too th -pass  f requenc ies  e x c i t e d  by nonsynchronous meshing o f  t h e  
p l a n e t s .  E f f e c t s  o f  t o o t h - s p a c i n g  e r r o r s  and t o o t h - p r o f i l e  m o d i f i c a t i o n s  w i t h  
t i p  r e l i e f  a r e  examined. A genera l  d i s c u s s i o n  o f  r e s u l t s  and a c o r r e l a t i o n  
w i t h  t h e  exper imenta l  s tudy  a r e  a l s o  presented .  
INTRODUCTION 
I n  h e l i c o p t e r  (and o t h e r )  gear t ransmiss ions  t h e r e  i s  a c o n s i d e r a b l e  
amount o f  n o i s e  generated by t h e  gear t e e t h  as they  t r a n s m i t  t h e  l o a d  a t  t h e  
o p e r a t i n g  speed. Th is  n o i s e  i s  t h e  r e s u l t  o f  dynamic t o o t h  loads t h a t  t r a n s m i t  
v i b r a t i o n  t o  s h a f t i n g  and s t r u c t u r a l  elements o f  t h e  t ransmiss ion .  Severa l  
methods have been t r i e d  i n  an a t tempt  t o  reduce o r  e l i m i n a t e  t h e  dynamic l oad  
and gear no i se .  Terauchi  e t  a l .  (1982) showed t h a t  t h e  n o i s e  l e v e l  o f  a gear 
mesh c o u l d  be reduced about 5 dB by us ing  p r o f i l e  m o d i f i c a t i o n  ( t i p  r e l i e f ) .  
Changing t h e  c o n t a c t  r a t i o  f r o m  l e s s  thdn 2 t o  between 2 and 3 shou ld  reduce 
t h e  dynamic t o o t h  loads  by keep ing  the  g e a r - t o o t h  s p r i n g  r a t e  more u n i f o r m  
(Welbourn, 1977), thereby  caus ing  a more u n i f o r m  l o a d  t r a n s m i s s i o n  between 
gear  t e e t h .  
Severa l  years ago i t  was dec ided t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  h i g h -  
c o n t a c t - r a t i o  gears and g e a r - - t o o t h - p r o f i l e  m o d i f i c a t i o n s  on t h e  dynamic t o o t h  
l oads .  The i n v e s t i g a t i o n  i n c l u d e d  both an exper imenta l  and an a n a l y t i c a l  
e v a l u a t i o n  o f  dynamic gear loads f o r  s tandard and h i g h - c o n t a c t - r a t i o  gears 
( i . e . ,  r a t i o s  g r e a t e r  than 2)  (Corne l1  and Wes te rve l t ,  1978; C o r n e l l ,  1981) .  
The i n i t i a l  a n a l y t i c a l  r e s u l t s  were used t o  des ign  t e s t  gears f o r  an e x p e r i -  
menta l  t e s t i n g  program. Gear models w i t h  cons tan t  tooth-mesh s t i f f n e s s  d i d  
n o t  g i v e  t h e  bes t  des ign :  
t h e  t e s t i n g  program. Consequently, the  a n a l y t i c a l  program was m o d i f i e d  t o  
g e a r - t o o t h  bending f a i l u r e s  were exper ienced d u r i n g  
Summer F a c u l t y  Fe l low;  p r e s e n t l y  a t  The U n i v e r s i t y  o f  Akron, * 
Akron, Ohio. 
i n c l u d e  v a r i a b l e  t o o t h  s t i f f n e s s  and v a r i o u s  methods o f  t o o t h - p r o f i l e  m o d i f i -  
c a t i o n .  T h i s  improved a n a l y s l s  g i v e s  much b e t t e r  c o r r e l a t i o n  w i t h  exper imen ta l  
r e s u l t s .  
The i n i t i a l  a n a l y t i c a l  program was a s i n g l e  mesh spur-gear  dynamic ana l -  
y s i s .  S ince most h e l i c o p t e r  t ransmiss ions  u t i l i z e  a p l a n e t a r y  gear system, 
t h e  program was expanded i n t o  a m u l t i p l e  mesh gear dynamlc a n a l y s i s  t h a t  would 
determlne t h e  dynamic loads  i n  t h e  sun-p lanet  and r l n g - p l a n e t  meshes o f  a 
p l a n e t a r y  gear  system w i t h  seve ra l  p l a n e t s .  
The program was developed f o r  a p l a n e t a r y  system w i t h  e i t h e r  s tandard  o r  
h i g h - c o n t a c t - r a t i o  gears and w l t h  e i t h e r  spur o r  h e l i c a l  gears .  
o f  t h e  work repo r ted  h e r e i n  was t o  use t h e  p l a n e t a r y  gear  dynamic a n a l y s i s  
program t o  eva lua te  a 2240-kW (3000-hp) p l a n e t a r y  t r a n s m i s s i o n  and t o  compare 
t h e  r e s u l t s  o f  t h e  program w i t h  exper imenta l  t e s t  da ta .  
The o b j e c t i v e  
EXPERIMENTAL APPARATUS AND PROCEDURE 
Tes t  Transmiss ion  
The UH-60A h e l i c o p t e r  t r a n s m l s s l o n  has a t w i n  (T700) engine power r a t i n g  
o f  2100 kW (2828 h p ) .  I t  p rov ides  81.042:l t o t a l  speed r e d u c t i o n  I n  t h r e e  
s tages f rom t h e  engine i n p u t s  (20  900 rpm) t o  t h e  r o t o r  o u t p u t  (258 rpm). 
There i s  a l s o  a t a i l  s h a f t  o u t p u t  (4117 rpm). 
The t ransmiss lon  ( f i g s .  1 and 2) c o n s i s t s  o f  two i n p u t  modules and one 
main module. 
s p i r a l - b e v e l  i n p u t  p i n i o n  d r i v i n g  an 80 - too th  gear .  The gear r o t a t e s  w l t h  an 
i n t e r n a l  ove r runn ing  ramp r o l l e r  c l u t c h  which d r i v e s  a s h a f t  l e a d i n g  t o  t h e  
main module o f  t he  t r a n s m l s s l o n .  The second r e d u c t i o n  s tage o f  t h e  t r a n s -  
m i s s i o n  c o n s i s t s  o f  two 1 7 - t o o t h  combin ing s p i r a l - b e v e l  p i n i o n s  wh ich  d r i v e  a 
s i n g l e  81 - too th  combining gear .  Th l s  gear i s  s p l l n e d  t o  a 62 - too th  sun gear  
f r o m  t h e  p l a n e t a r y  s tage ( t h i r d  r e d u c t i o n ) .  The sun gear d r i v e s  f i v e  83 - too th  
p l a n e t a r y  gears which r e v o l v e  w i t h  t h e i r  c a r r i e r  w i t h i n  t h e  s t a t i o n a r y  
228- tooth r i n g  gear. The h e l i c o p t e r  main r o t o r  i s  d r i v e n  d i r e c t l y  f r o m  t h e  
p l a n e t a r y  c a r r l e r .  T a l l  r o t o r  power i s  t aken  f r o m  a 116- too th  s p i r a l - b e v e l  
gear ( o n  t h e  back s i d e  o f  t h e  combin ing gear )  wh ich  d r i v e s  a 3 4 - t o o t h  p l n l o n .  
The t o t a l  ma in - ro to r  speed r e d u c t i o n  I s  
The i n p u t  modules c o n t a i n  t h e  f i r s t  r e d u c t i o n  s tage - a 22 - too th  
- ;!x 5 (1 + F) = 81.042 
I n s t r u m e n t a t i o n  
The NASA Lewis Research Center  2200-kW (3000-hp) h e l i c o p t e r  t r a n s m i s s i o n  
t e s t  f a c i l i t y  ( f i g .  3)  I s  a r e c i r c u l a t i n g  ( f o u r  square)  f a c i l i t y .  Power t o  
t h e  t e s t  t ransmiss ion  f l ows  th rough  two i n p u t s  ( s i m u l a t i n g  two engines)  and 
two ou tpu ts  (main r o t o r  and t a i l  d r l v e ) .  Power i s  p r o v i d e d  by a constant -speed 
600-kW i n d u c t i o n  motor .  S ince  power f l o w  i s  r e c i r c u l a t l n g ,  o n l y  f r i c t i o n a l  
l osses  need be rep len i shed  by t h e  motor .  Speed c o n t r o l  i s  p r o v i d e d  by an eddy- 
c u r r e n t  c l u t c h .  Torque (and hence c i r c u l a t i n g  power) I s  induced independen t l y  
i n  each l o o p  by two-stage p l a n e t a r y  t o r q u e  u n i t s .  
f u l l y  desc r ibed  by M l t c h e l l  e t  a l .  (1986) .  
The t e s t  f a c i l i t y  i s  more 
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The s t r a i n  gauges a r e  genera l -purpose e l e c t r i c a l - r e s i s t a n c e  cons tan tan  
f o i l  gauges. G e a r - t o o t h  gauges have a gauge l e n g t h  o f  0.38 mm (0 .015 i n . ) .  
S t ra in -gauge s i g n a l s  f rom t h e  r o t a t i n g  sun gear a r e  f e d  o u t  th rough an i n t e r n a l  
s l  i p r i n g .  
PROCEDUHE 
Twenty s t r a i n  gauges were i n s t a l l e d  on t h e  t e e t h  o f  t h e  sun and r i n g  
gears .  To measure maximum t o o t h  bending s t resses ,  f i l l e t  gauges were p laced 
a t  t h e  30" tangency l o c a t i o n  ( f i g .  4 )  on t h e  loaded s i d e  o f  t h e  t o o t h  f i l l e t .  
To measure r i m  bending s t resses ,  r o o t  gauges were p laced  i n  t h e  c e n t e r  o f  t h e  
t o o t h  r o o t .  Each ins t rumented t o o t h  had f i v e  gauges spaced even ly  across the 
face  w i d t h .  On t h e  sun gear ,  one t o o t h  was ins t rumen ted  w i t h  r o o t  gauges. On 
t h e  r i n g  gear ,  two consecu t i ve  t e e t h  were ins t rumented w i t h  f i l l e t  gauges and 
one t o o t h  was ins t rumented w i t h  root -gauges.  A l l  gauges were mounted a long  
t h e  p lane  normal t o  t h e  t o o t h  su r face  ( t h e  p lane  o f  r o t a t i o n )  i n  t h e  assumed 
p r i n c i p a l  s t r e s s  d i r e c t i o n .  
S t ra in -gauge  read ings  were measured w i t h  c o n s t a n t - c u r r e n t  dyndmic s t r a i n -  
g a u g e - a m p l i f i e r s .  The s i g n a l  f rom the s t r a i n  a m p l i f i e r s  was s t o r e d  on 
14-channel  FM tape f o r  l a t e r  a n a l y s i s  u s i n g  an ana log  t o  d i g i t a l  conve r te r  
( A D C )  and a microcomputer .  A f i v e - r a n g e  T-bar  s w i t c h  was used t o  r e c o r d  50 
s t r a i n - g a u g e  s i g n a l s  on a s i n g l e  14-channel  tape.  S igna ls  were low-pass  f i l -  
t e r e d  t o  reduce s l i p r i n g  no ise .  
Anal y t  1 ca 1 Approach 
She dynamic model f o r  t h e  mult imesh p l a n e t a r y  system, which was based on 
t h a t  developed by Richardson (1958) and Howland (1962) ,  was r e c e n t l y  expanded 
t o  cover  l a r g e r  c o n t a c t  r a t i o s  ( C o r n e l l  and Wes te rve l t ,  1978; C o r n e l l ,  1981) .  
I n  t h i s  a n a l y s i s ,  t he  v a r i a t i o n  o f  t o o t h - - p a i r  compl iance w i t h  p o s i t i o n  a long  
t h e  l i n e  o f  a c t i o n  i s  d e f i n e d  by a f i v e - t e r m  power s e r i e s :  
where E o  i s  t h e  compliance a t  t h e  p i t c h  r a d i u s ;  A,  6, C ,  and D a r e  t h e  
gear compl iance c o e f f i c i e n t s ;  and S and S o  are ,  r e s p e c t i v e l y ,  t h e  r e l a  
t i v e  mo t ion  and t h e  re fe rence  d i s t a n c e  a l o n g  t h e  l i n e  o f  a c t i o n .  The gear 
l oad  can be c a l c u l a t e d  by s o l v i n g  t h e  equat ions  o f  r e l a t i v e  mo t ion  between t w o  
gears ( C o r n e l l  and Wes te rve l t ,  1978; C o r n e l l ,  1981) and by assuming a r i g i d  
r i n g  and p l a n e t  c a r r i e r .  For  a mult imesh p l a n e t a r y  system, i n i t i a l  boundary 
d isp lacements  and v e l o c i t i e s  a r e  approximated t o  s o l v e  t h e  equat ions  o f  mo t ion  
( P i k e ,  1981; Boyd and Pike,  1985) .  An i t e r a t i v e  scheme i s  s e t  up t o  c a l c u l a t e  
t h e  f i n a l  gear l oad  and boundary c o n d i t i o n s .  
RESULTS AND DISCUSSIONS 
A pa ramet r i c  s tudy  o f  t h e  e f f e c t s  o f  damping r a t i o s  on t h e  UH-60A 
Blackhawk 2240-kW (3000-hp) t ransmiss ion  was per formed t o  p r o v i d e  a more 
c o n s i s t e n t  c o r r e l a t i o n  o f  t h e  a n a l y t i c a l  s i m u l a t i o n s  t o  t h e  exper imen ta l  
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r e s u l t s  and t o  achieve a b e t t e r  unders tand ing  o f  t h e  dynamic behav lo r  o f  t h e  
system. F igu res  5 and 6 p resen t  t h e  dynamic t o o t h  l o a d  and maximum bending 
s t r e s s ,  r e s p e c t i v e l y ,  o f  t h e  f i r s t  s u n - p l a n e t  mesh a long  t h e  l i n e  o f  a c t i o n  
f o r  a range o f  mesh damping r a t i o s  C f r o m  0.02 t o  0.20. Note t h a t  t h e  
dynamic t o o t h  load,  h e r t z  s t r e s s ,  and maximum bending s t r e s s  a l l  possess s i m -  
i l a r  c h a r a c t e r i s t i c s  as t h e  mesh damping r a t i o  changes. I n  t h i s  p a r t i c u l a r  
case, f o u r  dominant peak components a re  observed a t  l o w  damping r a t i o  d u r i n g  
one s i n g l e  t o o t h  pass. Wi th  t h e  i nc rease  i n  damping r a t i o ,  t h e  peaks become 
l e s s  pronounced, and they a r e  a lmost  unde tec tab le  a t  h i g h e r  damping. 
l h e  ex i s tence  o f  the  f o u r t h - o r d e r  s i n g l e - t o o t h - p a s s  f requency harmonic i s  
due t o  t h e  nonsynchronous meshing o f  t h e  o t h e r  p l a n e t s .  Table I shows t h e  
phas ing  cons tan ts  f o r  va r ious  p l a n e t s .  Note t h a t  w i t h  l i g h t  damping t h e  max- 
imum loads f o r  the  s u n - p l a n e t  mesh occur  c l o s e  t o  t h e  phas lng  c o n s t a n t  va lues .  
A s  t h e  damping increases,  t h e  l o c a t i o n s  o f  t h e  maximum l o a d  and s t r e s s  b e g i n  
t o  s h i f t .  S ince  the loads and s t r e s s e s  shown I n  f i g u r e s  5 and 6 a r e  f r o m  the  
f i r s t  mesh, i t  i s  l o g i c a l  t o  assume t h a t  more dominate e f f e c t s  would be 
ob ta ined  a t  t h e  phasing l o c a t i o n s  o f  i t s  n e i g h b o r i n g  p l a n e t s :  t h a t  i s ,  t h e  
second and f i f t h  mesh. A c l o s e r  examinat ion  r e v e a l s  t h a t  t h e  t o t a l  l o a d  i s  
h i g h e r  w h i l e  i n d i v i d u a l  l oad  i s  lower  because o f  m u l t l t o o t h  p a r t i c i p a t i o n  I n  
t h e  mesh. 
F i g u r e  7 g ives the  dynamic l o a d i n g  on t h e  r i n g - p l a n e t  mesh w h i l e  f i g u r e  8 
g i v e s  the  maximum r i n g - g e a r  t o o t h  bending s t r e s s  d u r i n g  t h e  t o o t h  pass. F l g  
ures I and 8 a l s o  show harmonic f requency c h a r a c t e r i s t i c 5  t h a t  a r e  L i m i l a r  t o  
t h e  sun gear s t r e s s e s  d e p i c t e d  i n  f i g u r e s  5 and 6 .  A more pronounced phase 
de lay  can be observed f rom the  r i n g  p l a n e t  mesh load  f o r  l a r g e  damping. l h i s  
i s  because t h e  sun gear i s  the d r i v e r  and more  d i r e c t  a c t i o n  i s  imposed. Fu r -  
t h e r  c o n f i r m a t i o n  o f  t he  f o u r t h - o r d e r  s i n g l e - t o o t h - p a s s  f requency can be 
ach ieved by u s l n g  f a s t  F o u r i e r  t r a n s f o r m  ( F F l )  techn iques  t o  examine t h e  f r e -  
quency components. F i g u r e  9 d e p i c t s  t h e  mesh load  f o r  v a r i o u s  damping r a t i o s  
f o r  10 consecut ive  s i n g l e  t o o t h  passes. l h e  o v e r l a p p i n g  o f  t h e  curves show 
t h e  l oad  p a r t i c i p a t i o n  o f  each t o o t h  i n  t h e  mesh. The f requency domain r e s u l t s  
a r e  p resented  i n  f i g u r e  10.  Note t h a t  i n  f i g u r e  9 t h e  peak loads a r e  much 
h i g h e r  a t  s m a l l e r  damping, as expected by any mechanica l  s y s t e m .  The average 
load  shown i n  f i g u r e  10 i s  s l i g h t l y  lower  a t  s m a l l e r  darnping r a t i o s  because 
t h e r e  i s  a much l a r g e r  load v a r i a t i o n  i n  a l i g h t l y  damped system. A s  a r e s u l t ,  
t h e  o t h e r  meshes have t o  share a h i g h e r  average l o a d  t o  compensate f o r  t he  
l o s s .  I n  extreme cases l i g h t  damping may even r e s u l t  i n  seve ra l  c y c l e s  o f  
complete disengagement engagement o f  t h e  gear t o o t h  d u r i n g  one s i n g l e  t o o t h  
pass. I t  can a l so  be seen t h a t  t h e  f o u r t h  o r d e r  t o o t h - p a s s  component (3900 Hz) 
i s  more pronounced w i t h  a decrease i n  damping, as p r e d i c t e d  by t h e  t o o t h  l oad  
and s t r e s s  a n a l y s i s  i n  f i g u r e s  5 and 6. 
F i g u r e  11 shows t h e  dynamic t o o t h  l oad  f o r  t h e  o t h e r  f o u r  meshes w i t h  t h e  
t o o t h  spac ing  e r r o r  a t  a low damping r a t i o  ( C  = 0 .02 ) .  A c o n s i d e r a b l e  v a r i  
a t i o n  can be observed i n  t h e  dynamic t o o t h  l oad  a t  d i f f e r e n t  meshes because o f  
phas ing .  Note t h a t  t h e  l oad  vanishes seve ra l  t imes i n  one s i n g l e  t o o t h  pass 
f o r  t h e  second mesh, which i n d i c a t e s  seve ra l  engagement disengagements occur red  
d u r i n g  a s i n g l e  t o o t h  pass. Dur ing  such a disengagement engagement p rocess ,  
t h e  maximurn dynamic t o o t h  l o a d  i s  g r e a t l y  i nc reased .  A s  a r e s u l t ,  s y s t e m  
v i b r a t i o n  and no ise  i nc rease  s i g n i f i c a n t l y .  
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F i g u r e  12 d e p i c t s  t h e  f requency components o f  each mesh load .  Note t h a t  
t h e  second mesh, which c o n s i s t s  o f  severa l  t o t a l  disengagements d u r i n g  one 
s i n g l e  t o o t h  pass, has t h e  h i g h e s t  f o u r t h - o r d e r  too th -pass  f requency component. 
Th i s  i n d i c a t e s  t h a t  a more domlnat lng  f o u r t h  harmonic o f  t h e  t o o t h  f requency 
can be expected. The average mesh loads remain modera te ly  c o n s t a n t  except  f o r  
t h e  f i f t h  mesh, which i s  n o t  h e a v i l y  loaded because o f  phas ing  and too th - -  
spac ing  e r r o r .  
The p r e v i o u s  a n a l y t i c a l  s imu la t i ons  a r e  compared t o  exper imen ta l  da ta  
ob ta ined  f rom t h e  t e s t  s tand t o  v e r i f y  t h e  r e s u l t s .  F i g u r e  13 shows b o t h  t h e  
f i l l e t  and r o o t  s t resses  measured i n  the  r i n g  gear  d u r i n g  t o o t h - p a s s  i n t e r -  
a c t i o n s .  Note t h a t  i n  f i g u r e  13 (b )  and ( c )  b o t h  maximum f i l l e t  and r o o t  
s t resses  a r e  o f  t h e  same o rde r  o f  magnitude as demonstrated by Drago (1982)  
f o r  gear  systems under l a r g e  l o a d i n g .  Because o f  t h e  l i m i t a t i o n s  c o n s t r a i n e d  
I n  t h e  exper imen ta l  r e s u l t s  ( o n l y  r o o t  s t resses  have been mon i to red  f o r  t h e  
sun g e a r ) ,  t h e  r o o t  s t resses  w i l l  be used f o r  t h e  comparison w i t h  a n a l y t i c a l  
r e s u l t s .  F i g u r e  1 3 ( d )  p resen ts  a comparison o f  t h e  a n a l y t i c a l  c a l c u l a t e d  
maximum bending s t r e s s  t o  t h e  exper imenta l  r o o t  s t r e s s  r e a d i n g  i n  t h e  r i n g  
gear .  Note t h a t  t h e r e  a r e  good c o r r e l a t i o n s  between t h e  r e s u l t s  w i t h  a mesh 
damping r a t i o  o f  0.02. 
F i g u r e  14 shows t h e  average sun- and r i n g - g e a r  r o o t  s t r e s s  averaged over  
t e n  too th-pass  i n t e r a c t i o n s  w i t h  a f i l t e r  c u t o f f  f requency  o f  1800 H z .  The 
maximum compressive r o o t  s t r e s s  f o r  t h e  sun gear  I s  516 MPa ( 7 4  k s i )  and 
maximum t e n s i l e  r o o t  s t r e s s  f o r  t h e  r i n g  gear i s  409 MPa (72  k s i ) .  The 
a n a l y t i c a l  s i m u l a t i o n s  p r e d i c t  a maximum sun f i l l e t  s t r e s s  o f  495 Mpa (72  k s i )  
a t  C = 0.02 and 295 MPa (43  k s i )  a t  C = 0.2, as shown i n  f i g u r e  6. I t  i s  
expected t h a t ,  under l a r g e  bending s t r e s s  a t  t h e  gear  t o o t h ,  t h e  maximum r o o t  
compressive s t resses  and t h e  f i l l e t  t e n s i l e  s t resses  should have s i m i l a r  
o rde rs  o f  magnltude (Drago, 1982) .  The sun r o o t  s t resses  were measured a t  t h e  
cen te r  o f  t h e  r o o t .  F i g u r e  7 shows t h a t  t h e  r i n g  f i l l e t  t e n s i l e  s t r e s s  can 
va ry  f r o m  450 MPa (65  k s i )  a t  C = 0.02 t o  310 MPa (45  k s i )  a t  C = 0.2. The 
exper imen ta l  d a t a  and t h e  a n a l y t i c a l  r e s u l t s  i n d i c a t e  t h a t  a sun -p lane t  mesh 
damping r a t i o  o f  C = 0.02 and a r i n g - p l a n e t  damping r a t i o  o f  C = 0.1 p r o v i d e  
t h e  b e s t  c o r r e l a t i o n .  I t  I s  l o g i c a l  t o  assume t h e  sun -p lane t  mesh p rov ides  
l e s s  damping because o f  t h e  f l o a t i n g  sun arrangement, which i s  agreeab le  f r o m  
t h e  p r e v i o u s  r e s u l t s .  A c l o s e r  examinat ion o f  t h e  exper imen ta l  da ta  f u r t h e r  
con f i rms  t h i s  assumption. 
F i g u r e  15 shows t h e  u n f i l t e r e d  ( f i l t e r  s e t  a t  20 kHz) and unaveraged 
s t ra in -gauge  da ta  o f  t h e  r i n g  r o o t  s t ress  d u r i n g  a too th-pass  I n t e r a c t i o n .  
The zoom-in da ta  i n  f i g u r e  15(b) revea l  t h a t  o s c i l l a t i o n s  o f  t h e  maxlmum 
bending s t r e s s  w i l l  occur  as p r e d i c t e d  by t h e  a n a l y t i c a l  model i n  f i g u r e  7 .  
The fewer  number o f  peaks and t h e  l e s s  pronounced maximum peaks a r e  p robab ly  
due t o  m a t e r i a l  damping wh ich  i s  n o t  modeled i n  t h e  a n a l y t i c a l  s i m u l a t i o n .  
F i g u r e  16 p resen ts  a w a t e r f a l l  diagram o f  t h e  gear -box  acce le rometer  
v i b r a t i o n  da ta  a t  v a r i o u s  speeds. The speed i n d i c a t e d  i s  t h e  c a r r i e r  speed. 
A t  f u l l  speed, t h e  f i r s t  t o  t h e  f o u r t h  harmonics o f  t h e  tooth-mesh f requency 
can be de tec ted  d i s t i n c t l y .  S i m i l a r  t rends  o f  t h e  f requency  components can be 
recogn ized i n  f i g u r e  12. The d i f f e r e n c e  i n  t h e  average a c c e l e r a t i o n  g - l e v e l  
( l o a d )  d a t a  o f  f i g u r e s  16  and 1 2  may be due t o  t h e  damping o f  t h e  b e a r i n g  sup- 
p o r t s  and t o  t h e  gear-box s t r u c t u r e .  N a t u r a l  f requenc ies  a r e  de tec ted  a t  c a r -  
r l e r  speeds o f  100, 190, and 220 rpm ( p i n i o n  speeds o f  450, 880, and 990 rpm). 
N a t u r a l  f requenc ies  a r e  p r e d i c t e d  through maximum p l a n e t  l o a d  by t h e  a n a l y t i c a l  
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model a t  420, 700, and 900 rpm. The o t h e r  f requenc ies  appear ing  i n  t h e  a c c e l -  
erometer da ta ,  which a r e  n o t  p r e d i c t e d  by t h e  a n a l y t i c a l  s i m u l a t i o n ,  a r e  due 
t o  t h e  e f f e c t s  o f  o t h e r  gear i n p u t s  t h a t  a r e  n o t  i n  t h e  numer ica l  model.  
O v e r a l l ,  t h e  major dynamic behav io r  has been p r e d i c t e d  c l o s e l y  by t h e  computer 
s i m u l a t i o n .  
CONCLUSIONS 
1 .  Resu l t s  f rom b o t h  a n a l y t i c a l  and exper imen ta l  dynamic s t u d i e s  o f  a 
2240-kW (3000-hp) r o t o r c r a f t  t r a n s m i s s i o n  a r e  presented .  Good mesh load  
c o r r e l a t i o n s  a re  ob ta ined  f rom t h e  a n a l y t i c a l  approach w i t h  exper imen ta l  da ta .  
2. The va lue o f  t h e  mesh damping r a t i o  can g r e a t l y  a f f e c t  t h e  maximum 
t o o t h  l oad  and s t ress  d u r i n g  a s i n g l e  t o o t h  pass. Wh i le  l i g h t  damping can 
i n c r e a s e  t h e  maximum t o o t h  l o a d  s i g n i f i c a n t l y ,  t h e  average l o a d  i n  t h e  s i n g l e  
t o o t h  pass w i l l  remain cons tan t  o r  decrease s l i g h t l y  w i t h  a decrease i n  
damping . 
3 .  For a nonsynchronous meshing p l a n e t a r y  system, t h e  l o a d - s t r e s s  c y c l e  
on a t o o t h  I s  e x c i t e d  by i n t e g e r  m u l t i p l e  harmonics o f  t h e  t o o t h - p a s s  f requency 
up t o  t h e  number o f  p l a n e t s  minus one. The e x c i t a t i o n s  a t  these m u l t i p l e  h a r -  
monic f requenc ies  can be e f f e c t i v e l y  examined i n  t h e  f requency  domain u s i n g  a 
numer ica l  f a s t  F o u r i e r  t r a n s f o r m  ( F F T )  procedure.  
4. Mesh damping r a t i o s  can be es t ima ted  b e t t e r  by c o r r e l a t i n g  them w i t h  
exper imen ta l  data.  Exper imenta l  t e s t i n g  o f  a 2240-kW t r a n s m i s s i o n  r e v e a l s  
t h a t  t h e  sun-p lanet  damping r a t i o  i s  much s m a l l e r  than t h e  r i n g - p l a n e t  damping 
r a t i o ,  hence sun-p lanet  loads and s t resses  tend t o  be g r e a t e r .  
5 .  The present  r i g i d  sun assembly model w i t h o u t  r i m  f l e x i b i l i t y  and mate 
r i a l  damping tends t o  p r e d i c t  h i g h e r  maximum t o o t h  l oad  and s t r e s s .  
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FIGURE 4. - STRAIN-GAUGE INSTALLATION ON SPIRAL-BEVEL COMBINING PINIONS.  
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FIGURE 5. - EFFECTS OF MESH DAMPING RATIO C ON SUN-PLANET LOAD. SUN GEAR SPEED, 1206 RPM; INPUT TORQUE ON SUN GEAR, 
15 000 N-M (11 000 LB-FT). 
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FIGURE 6. - EFFECTS OF MESH DAMPING RATIO C ON SUN-PLANET TOOTH BENDING STRESS. SUN GEAR SPEED. 1206 RPM: INPUT TORWE ON 
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FIGURE 7. - EFFECTS OF MESH DANPING RATIO C ON RING-PLANET LOAD. SUN GEAR SPEED. 1206 RPM; INPUT TORQUE ON SUN GEAR, 
15 000 N-M (11 000 LB-FT). 
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FIGURE 8. - EFFECTS OF MESH DAMPING RATIO C ON RING-PLANET TOOTH BENDING STRESS. SUN GEAR SPEED. 1206 RPM: INPUT TORQUE ON SUN 
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FIGURE 9. - EFFECTS OF MESH DAMPING RATIO C ON SUN-PLANET LOAD WITH TOOTH SPACING ERROR, SUN GEAR SPEED, 1206 RPM: INPUT TORQUE ON 
SUN GEAR, 15 000 N-M (11  100 LB-FT).  
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FIGURE 10.  - FREQUENCY DOMAIN ANALYSIS OF SUN-PLANET LOAD WITH EFFECTS OF MESH DAMPING RATIO C. SUN GEAR SPEED, 1206 RPM: 
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FIGURE 11. - SUN-PLANET LOAD WITH LIGHT DAMPING (C = 0.02) AT DIFFERENT PLANET LOCATIONS. SUN GEAR SPEED. 1206 RPM: 
INPUT TORQUE ON SUN GEAR, 15 000 N-M (11 OOO LB-FT). 
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FIGURE 12. - FREQUENCY COMPONENTS OF SUN-PLANET LOAD WITH LIGHT DAMPING (C = 0.02). SUN GEAR SPEED. 1206 RPM: INPUT TORQUE ON 
SUN GEAR, 15 000 N-M (11 000 LB-FT).  
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( B )  FILLET STRESS ON RING GEAR, MAXIMUM STRESS, 409 MPA: MINIMUM STRESS 310 MPA; MAXIMUM PREDICTED 
STRESS. 295 MPA: DAMPING RATIO, 0.10. 
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FIGURE 14. - EXPERIMENTAL DATA ON BENDING STRESSES WITH AVERAGES OF TEN DATA POINTS. SUN GEAR SPEED. 1206 RPM: 
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(B )  ZOOM-IN DATA ON NAXlMUM PEAK OF FIGURE 1 5 ( A ) .  
FIGURE 15. - SINGLE TRACE DATA ON RING GEAR BENDING STRESS WTHOUT FILTER. SUN GEAR SPEED, 1206 RPM; INPUT TORQUE 




CARRIER CONVERTED PREDICTED 
SPEED, SUN SPEED. SUN SPEED, 
RPM RPM RPM 
100 450 420 
180 810 700 x . 220 990 900 
I; 
















FIGURE 16. - EXPERIMENTAL VIBRATION DATA AT SEVERAL SPEEDS WITH VIBRATION ACCELEROMETER 
LOCATED NEAR RING GEAR. INPUT TORQUE ON SUN GEAR, 5000 N-M (3700 LB-FT). 
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16 Abstract 
A dynamlc a n a l y s l s  o f  a 2240-kW (3000-hp) h e l i c o p t e r  p l a n e t a r y  system I s  p re -  
sented.  R e s u l t s  f rom b o t h  a n a l y t i c a l  and exper imen ta l  s t u d i e s  show good c o r r e -  
l a t i o n  I n  g e a r - t o o t h  l oads .  A paramet r lc  s tudy  i n d l c a t e s  t h a t  t he  mesh damping 
r a t i o  has a s i g n i f i c a n t  e f f e c t  on maximum g e a r - t o o t h  load,  s t r e s s ,  and v i b r a t i o n .  
C o r r e l a t i o n  w i t h  exper imenta l  r e s u l t s  i n d i c a t e s  t h a t  t h e  sun-p lanet  mesh damping 
r a t i o  can s i g n i f i c a n t l y  d i f f e r  f rom t h e  p l a n e t - r i n g  mesh damping r a t i o .  A 
numer ica l  f a s t  F o u r i e r  t r a n s f o r m  (FFT) procedure was a p p l i e d  t o  examlne t h e  mesh 
l o a d  components i n  t h e  f requency domaln and t h e  magnitudes o f  m u l t i p l e  too th-pass  
f r e q u e n c i e s  e x c l t e d  by nonsynchronous meshing o f  t h e  p l a n e t s .  E f f e c t s  o f  t o o t h -  
spac ing  e r r o r s  and t o o t h - p r o f i l e  m o d i f i c a t i o n s  w i t h  t l p  r e l i e f  a r e  examined. A 
genera l  d i s c u s s i o n  o f  r e s u l t s  and c o r r e l a t i o n  w i t h  t h e  exper imenta l  s tudy  a re  
a l s o  presented .  
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